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Bayanbulak intermontane basins in the central Eastern Tianshan. Our results indicate that at 34 least 1.4mm/yr of horizontal crustal shortening is accommodated within these two basins. 35
This shortening represents a significant portion (>15 %) of the 8.5±0.5 mm/yr total shortening 36 rate across the entire range at this longitude. Accordingly, the Eastern Central Tianshan is 37 thickening at a mean rate of ~1.4 mm/yr, a rate that is significantly higher than the average 38 denudation rate of 0.14 mm/yr derived from our cosmogenic analysis. This discrepancy 39
suggests that the Tianshan range has not yet reached a steady topography and remains in a 40 transient state of topographic growth, most likely due to the arid climate, which limits the 41 denudation rates. 42 ). This could result from either crustal shortening of the internal part of the range or 49 underplating due to an accumulation of material which is then thrust under the wedge. The 50 resulting balanced topography generally has a simple asymmetric triangular shape, with 51 steeper slopes on the windward side of the range (Willett et al., 2001) . 52
Here, we investigate the Eastern Tianshan in central Asia (Fig. 1) , whose topography 53 differs from these classical profiles (Fig. A) even though it is one of the largest and most 54 active intracontinental orogenic belts in the world. The range is composed of a series of 55 elevated ranges (> 4000 m) separated by very large E-W striking intermontane basins such as 56 the Yili, Bayanbulak, Nalati, Turpan and Yanqi basins (Fig. 1 ). How this particular 57 topography is growing, and especially whether or not it has reached a steady state, are 58 questions that remain unresolved. 59
The anticline is bordered to the south by a north-verging thrust (F1) that has deformed the 136 abandoned terraces. To the northwest, site BBK2 lies at the base of the Narat Range, where a 137 second E-W trending fault (F2) offsets a large alluvial fan that was later overlain by a 138 younger fan at the base of the fault (Fig. 2) . Two sites (BBK3 and BBK4) located roughly 25 139 km east of BBK2 were also studied at the base of the Narat range (Figs. 1c and 3) . Here, three 140 E-W fault scarps (F3, F4 and F5) are intersected by southward flowing rivers ( geometry of the morphological markers. We were therefore unable to identify any sites where 153 an accurate estimation of the topographic uplift would be possible. 154
The measured vertical throw, derived fault slip, and horizontal shortenings, together 155 with their uncertainties, are listed in Table 1 for each of the study sites and faulted terraces. 156
Note that at site BBK3 (Fig. 3) , we focused our analyses on terraces T2, T3 and T4 because 157 the offset of terrace T1 was too small to be quantified precisely. We also summed the offsets 158 of faults F4 and F5 at this site as the surface traces of these faults are very close together, 159
suggesting that the two faults probably merge at depth. Moreover, as the terrace level cannot 160 be traced south of F3, the uplift measured across this particular fault should be considered a 161 minimum value. Finally, the offset of terrace T4 is only visible across fault F5 and has not 162 been preserved elsewhere. Note also that at site BBK4, the small pressure ridges affecting 163 terraces T1 and T2 on the left bank of the gully (Fig. 3E) are not continuous along strike and 164 can be considered a second order feature. As such, we neglected these small ridges and 165 quantified the terrace uplift by considering their large-scale geometries. In the Bayanbulak 166 basin, vertical offsets preserved by offset geomorphic markers are typically of a few meters to 167 a few tens of meters. In the Nalati basin, the fault scarps can be much higher, reaching ~45 168 m. 169 The abandonment ages of most of the alluvial surfaces were inferred from the depth 174 distribution of cosmogenic isotope concentrations (e.g. Gosse and Phillips, 2001 ). In the 175 general formula of Lal (1991) used todescribe the change in 10 Be concentration (C) as a 176 function of depth (Z), the concentration of 10 Be also depends on the time since initial 177 exposure of the surface (in this case, the abandonment of the terrace surfaces) and on the 178 erosion rate of the surface of the terrace. During the Late Quaternary, the region experienced 179 strong aridification, which led to widespread deposition of loess over the pre-existing alluvial 180 deposits (Long et We assume that the few tens of centimeters of loess covering the terraces ( The local 10 Be production rates for neutrons, fast muons and slow muons were scaled 212 for local latitude and altitude according to Stone (2000) , and the local atmospheric pressures 213 were extracted from the ERA40 dataset (Uppala et al., 2005) . In this study, we used the SLHL 214 (see level high latitude) production rate of 3.9±0.1 at g -1 yr properly corrected for. In the Bayanbulak basin, the sampling sites were carefully selected 233 and the outcrops refreshed to avoid any recent re-exposure (Fig. B) . At all sites selected for 234 dating, samples were collected from the surface and from different depths in order to measure 235 the 10 Be concentrations in the quartz. We preferentially sampled sand at depth for the 236 cosmogenic dating, however pebbles and cobbles were collected at points near to the surface 237 because the grain size was too coarse and the proportion of sand too low for collection of 238 adequate quantities of sand (Figs. 6 and A in the online depository). At site BBK4, we 239 sampled the highest alluvial surface (T2), which corresponds to a fan deposit. The deposit is 240 composed of mixed sediment, ranging from sand to cobble in grain size, and is quite 241 homogenous across the full thickness that was excavated. The entire site is covered by 242 grassland, in which low vegetation grows on a 15 cm thick soil. Sampling was performed 243 along the most recently eroded part on the modern riser of an incising river (Fig. B) down to 244 ~9.5 m below the surface (Fig. B) . In addition, four sand samples were taken at between 35 245 and 200 cm depth and three amalgamated cobbles samples were collected within the 15 cm of 246 soil (Fig. B) . At site BBK3, we sampled two alluvial surfaces at different locations: one at T2 247 and one at T3 (Fig. 2) . Site BBK3-T2 was sampled on the active riser of the river, and we 248 extracted 4 sand samples at between 45 and 400 cm depth and 2 amalgamated cobble samples 249 that were mixed in the 25 cm of loess deposit (Fig. B) . As the BBK3-T3 surface is located far 250 from the river, we dug a hole and collected 5 sand samples at between 30 and 170 cm depth. 251
Both of the BBK3 terraces sampled are composed of mixed sediments ranging from sand to 252 boulder in size. Site BBK1, located in the south, presents two terrace levels that cut through 253 an antecedent anticline. The highest terrace (T2) at site BBK1 was covered by 30 cm of over-254 bank deposit and 45 cm of loess at the top. We took five samples (between 80 and 280 cm 255 depth) of the sandy fraction within the alluvial material of the terrace (composed of sand to 256 cobble sediment), two samples from the silty part of the terrace and one from the loess part 257 (Fig. B) . To collect these samples, we dug a 280 cm deep trench in the terrace riser. The 258 details of the sample treatment and analyses are provided in the online repository. 259 260
Results of the cosmogenic depth profile inversions 261
The results of the cosmogenic analyses are reported in Table A in the online  262 repository. The cosmogenic depth profiles studied all show a classic exponential decrease in 263 10 Be concentration. The inversions of these profiles (Fig. 6 ), assuming continuous 264 sedimentation, constrain the mean exposure time of the terraces to 64±6 ka, 22±2 ka, 91±11/9 265 ka and 88±7/6ka for the sites BBK4, BBK3-T2, BBK3-T3 and BBK1-T2, respectively 266 ( Fig. 6 ). The hypothesized end-member ages, which assume either instantaneous deposition of 267 loess after terrace abandonment or only recent deposition, bracket these ages to within less 268 than 20 % error ( The fading-corrected age of the sample constrains the abandonment age of BBK1-T2 280 to 38.7±4.9 ka (Table B and Fig. C ). This sample was collected from within the silt/loess 281 cover that caps the terrace deposit and therefore provides a minimum estimate for the timing 282 of terrace abandonment. The IRSL age of ~38 ka is significantly younger than the age derived 283 from the cosmogenic depth profile (Fig. 6 ). This discrepancy might reveal a complex history 284 of sedimentation/erosion in the time since abandonment of the terrace. Several scenarios are 285 possible, including a hiatus in loess deposition between terrace abandonment at ~88ka to ~38 286 ka characterized by either non-deposition of loess and/or erosion of the river. These 287 uncertainties therefore make it difficult to constrain the true abandonment age of this 288 particular terrace between ~88ka to ~38 ka. At BBK1 and BBK2, the thickness of loess is 289 relatively low and the associated uncertainties are consequently lower. At these two sites, the 290 hypothetical maximum and minimum abandonment ages (calculated by assuming either 291 instantaneous deposition of the entire loess layer immediately after terrace abandonment, or 292 very recent deposition of the loess, respectively) are similar ( We also constrained the ages of some of the terraces that were not sampled for 297 cosmogenic analysis or IRSL dating, by quantifying the fault scarp degradation. The 298 topographic shape of a scarp affecting a terrace surface reflects the interplay between faulting 299 and degradation by erosion. The scarp topography therefore a function of the fault activity 300 and dip, the age of the terrace, and surface processes (Arrowsmith et al., 1998; Avouac and 301 Peltzer, 1993; Nash, 1980). In the absence of gullying or shallow landslide processes, 302 downhill mass transfer across the scarps is generally assumed to occur through diffusion-like 303 processes (i.e. the transfer is assumed to be proportional to the local topographic slope). If the 304 diffusion coefficient that controls the mass transfer efficiency is known, then the scarp profile 305 can be inverted in order to determine/decipher the terrace age. However, unlike terrace risers, 306 the profile of an active tectonic scarp maintains steeper slopes around the piercing point of the 307 fault and by consequence maintains a more triangular (and therefore less gaussian) shape of 308 the slope transverse profile (e.g. Avouac and Peltzer, 1993) . 309
In order to unravel the scarp age from diffusional profiles, we built a numerical model 310 based on incremental fault activity with surface rupturing, associated with an interseismic 311 period during which the diffusion erosional processes degrade the refreshed scarp. We 312 assumed that after each rupture, the overhanging part of the scarp collapses vertically onto the 313 the footwall surface. We also assumed that any new ruptures would break the surface at the 314 piercing point of the previous rupture. During interseismic periods, the diffusion equation is 315 solved iteratively through a finite difference scheme. Thus, in our model, the evolution of a 316
given reverse fault scarp depends on five parameters, including 1) the coseismic slip 317 increment, 2) the fault dip, 3) the initial uniform slope of the terrace surface, 4) the time of its 318 abandonment, and 5) the diffusion coefficient. The initial slope of the faulted surface can be 319 estimated from the far field profile elevation across the fault. Based on paleoseismic evidence 320 from active faults further west in Kyrgyztan (Thompson et al, 2002) , we considered series of 321 0.5 to 2.5m slips that were generated on a single fault plane dipping at 35+/-5°. Though the 322 total deformation rate is greater in this region, the range of slip values considered is large 323 enough to correspond to the eastern part as well. Thus, if either the time of abandonment or 324 the diffusion coefficient is independently known, the other can be determined by adjusting the 325 model to the elevation data using a least square procedure. In both cases, the confidence 326 intervals for the diffusion coefficient or the terrace age were defined by considering a mean 327 square deviation (between the measured elevations and the modeled elevations) within 5 cm 328 of the minimum misfit (see Fig. 4 of Avouac (1993)). 329 330
Calibration of the diffusion 331
The analysed profiles were carefully selected from field observations and satellite 332 image analyses in order to avoid non-diffusive processes across the tectonic scarps, for 333 example shallow landslides with partial scarp collapse, stream incision and gullying, loess 334 deposition, or alluvial fan deposition from a lateral stream along the scarp footwall. 335
In order to calibrate the diffusion coefficients, we selected five fault scarps where the 336 ages of the affected alluvial terrace had already been determined from the cosmogenic depth 337 profile inversion (see example in Fig. 7A and all results in Fig. D in the online depository) . 338
These included sites BBK3 and BBK4, where two faults and their associated scarps were 339 analyzed. The calibration results are given in Table 1 and are plotted against the ages of the 340 terraces in Figure 7B In all cases, the whole height of the scarp was considered, including any pressure 346 ridges present at the tops of the scarps (Fig. 7A and Fig. D) . The absence of significant 347 variations in diffusion with time or scarp elevation, as well as the low discrepancy, at least 348 within the confidence intervals, between values calculated for the two sites, suggests that, in 349 this particular region, the diffusion processes are relatively steady and are spatially uniform. 350
Even though the analysis above is based on only five profiles, and thus more scarps would 351 need to be included to obtain a higher statistical relevance, we consider these preliminary 352 results to be sufficiently robust to be used for dating other fault scarps. 353 in Figure 7 and the ages derived from this analysis are given in Table 1 . 360
As the morphological dating was based on a series of model assumptions and 361 parameters, we tested the sensitivity of the model by modifying several of these assumptions: 362 multiple instead of single points, the presence of a pressure ridge at the top of the scarp, and 363 non-linear diffusion processes when slopes approach the stability angle of repose (Fig. E) . In 364 all of the cases tested, these complexities did not significantly affect our scarp age estimates 365 andin each case, ages were overestimated by no more than 20% (see online depository). The 366 derived slip rates must therefore be considered as minimum values. For the Nalati scarp, the 367 ~1.4 Ma age is much older than in the Bayanbulak basin. On such a time scale, we cannot 368 xclude any changes in diffusion efficiency, or loess deposition, that could have significantly 369 biased our age estimates. However, even if true age would be two or three times younger than 370 the present estimate, the shortening rate would still be limited to a relatively subdued value of 371 ~0.1 mm/yr, a value too low to have a significant impact on the shortening budget across the 372 inner Tianshan. 373 374
DENUDATION RATES FROM COSMOGENIC ANALYSES 375
The average denudation rate of an entire drainage basin can be estimated by 376 measuring the mean cosmogenic nuclide concentration in a river sand at the basin outlet and 377 estimating the average basin-wide rates of 10 Be production (at/g/yr) by neutrons, slow muons 378 and fast muons (Brown et al., 1995) . 379
The mean cosmogenic concentration was initially derived from the inherited 380 concentrations derived from the depth profile inversion. These values may represent theaverage concentrations of cosmogenic nuclides shed by the rivers at the time of terrace fill 382 accumulation. However, the sediments deposited at site BBK1 were transported by the larger 383
Kaidu river, which meanders through the Bayanbulak basin within a large flood plain where 384 complex sedimentrecycling likely occurred. These concerns are also consistent with the 385 higher inherited concentration measured in the BBK1-T2 depth profile (Fig. 6) , which 386 suggests a significant contribution of highly concentrated and enriched in 10 Be flood plain 387 sediments. As it is difficult to correct for such contamination, we limited our analyses to sites 388 BBK3 and BBK4, where any contamination was likely negligible due to the greater transport 389 distance from the hills. To complement the denudation rates derived from the inherited 390 concentrations, we also collected 3 samples of present-day sand from rivers draining the 391 internal ranges of the Tianshan (Fig. 1C and Fig. F) . These samples were treated and 392 measured in the same way as for the depth profile samples, and the results are reported in 393 Table A . 394
In all cases, denudation rates were estimated using present-day cosmogenic production 395 rates. Because the terraces studied are relatively young (Fig. 6) we can assume that the 396 drainage basins have not changed significantly since the accumulation of the terrace fill. 397
However, for site BBK4, the profile was collected in a small gully that cuts the fault scarps 398 and therefore the drainage basin at the time of terrace abandonment is undefined. The present 399 watershed of the closest river is relatively small (11.7 km²) and it is possible that the 400 sediments analyzed actually have originated from an alluvial fan shed from a larger catchment 401 area located to the east, three times bigger than the present one (Fig. D) . We therefore 402 considered both of these possibilities in our calculation, though this has little impact on the 403 absolute value of the production rate (Table 2) . 404
The basin-scale average cosmogenic production rates were computed in ArcGIS, 405 using an in-house plug-in which averages the local production rates of each point in the study 406 basin. The local production rates were also calculated using a sea level high-latitude (SLHL) 407 10 Be production rate of 3. for the local latitude and altitude derived from SRTM at 90 m resolution. We also included a 410 correction factor for shielding by the surrounding topography in our calculations (see Table  411 1). The latter was computed for each individual pixel of the D.E.M. using the ArcGIS(R Finally, in order to estimate the uncertainties in the denudation rates, we propagated 415 errors in the cosmogenic production rates and the measured concentrations by assigning an 416 uncertainty of 9 % to the spallogenic production parameters (Balco et al., 2009) and a 417 conservative value of 50 % for both types of muons. The results are reported in Table 2 along  418 with the cosmogenic production rates and correcting topographic factors. In the central 419 Tianshan, our denudation rate estimates range from 0.08 to 0.27 mm/yr (Table 2) 
Shortening rates and the distribution of deformation 426
Using our estimates of the amount of shortening and the terrace abandonment ages, we 427 calculated the shortening rates at each study site (Table1). Over the last ~100 kyr, the total 428 crustal shortening across the Narat range between the Bayanbulak and the Nalati basins 429 reaches 1.36±0.70mm/yr, suggesting that the shortening accommodated across this internal 430 range represents a significant fraction (possibly at least ~15 %) of the total ~8.5 mm/yr crustal 431 shortening across the entire Tianshan. While our crustal shortening rates should be treated 432 with some degree of caution because of the large uncertainties in the fault dip angles, they 433 would nevertheless remain significant (>0.5mm/yr) even if the angles of the faults were 434 steeper (60°). Moreover, it is likely that active deformation exists on the southern side of the 435 Yili basin as well (Fig. 5) 
696
Note that all of the fine sediments (silt, loess, soil) were considered to have a bulk density of Table 1 : Age, uplift and shortening rates for each of the deformed surfaces dated in the 713 study. 714 
